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The effects of mixing vanes (MVs) attached to a grid spacer on the characteristics of air
ewater annular flows were experimentally investigated. To know the effects, a grid spacer
with or without MV was inserted in a vertical circular pipe of 16-mm internal diameter. For
three cases (i.e., no spacer, spacer without MV, and spacer with MV), the liquid film
thickness, liquid entrainment fraction, and deposition rate were measured by the constant
current method, single liquid film extraction method, and double liquid film extraction
method, respectively. The MVs significantly promote the re-deposition of liquid droplets in
the gas core flow into the liquid film on the channel walls. The deposition mass transfer
coefficient is three times higher for the spacer with MV than for the spacer without MV,
even for cases 0.3-m downstream from the spacer. The liquid film thickness becomes
thicker upstream and downstream for the spacer with MV, compared with the thickness
for the spacer without MV and for the case with no spacer.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
The critical power in a boilingwater nuclear reactor (BWR) fuel
rod bundle depends on the spacer geometries, because they
affect the axial distribution of the liquid film and the liquid
droplets in two-phase annular flow. Several studies [1,2] haveto-u.ac.jp (A. Kawahara).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behademonstrated the method of liquid film thickness recovery to
deposit liquid droplets in a gas core in two-phase annular flow
to fuel rod by mixing vanes (MVs) attached on a spacer.
Computational fluid dynamics (CFD) codes, which can analyze
flows in detail based on CFD, have been developed to treat the
droplet transfer, that is, the entrainment and deposition of theCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
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example, Onishi et al. [3] developed a CFD code with a droplet-
tracking model for analyzing the vapor-phase turbulent flow
in which droplets are transported in subchannels of a BWR
fuel rod bundle. It is thus necessary to verify whether the code
can evaluate the effect of a spacer with MV. However, pub-
lished data on spacers with MV in gaseliquid two-phase flow
are limited.
Therefore, the purpose of this study is to know the effect
of a grid spacer with MV on flow characteristics of two-
phase annular flows. An experimental program was pro-
posed to obtain the validation data for single-phase gas
flows and two-phase annular flows in a test channel, which
was a circular pipe simplified center subchannel as seen in a
fuel bundle. To understand the effects of MVs, grid spacers
with or without MV were inserted in the test channel. In the
two-phase flow experiment, the liquid film thickness, liquid
entrainment fraction, and deposition rate were measured by
the constant current method, liquid film extraction method,
and double liquid film extraction method, respectively. In
the analysis, data on entrainment and deposition rates were
compared with the calculations performed based on exist-
ing correlations in the literature. From the experiments and
the analysis, the effects of the test spacers on liquid film
thickness, entrainment, and deposition were clarified. The
results of the experiments and the analysis are described in
this paper.Fig. 1 e Test apparatus.2. Experiments
2.1. Test apparatus
Fig. 1 shows a schematic diagram of the test apparatus. A
vertical circular pipe [internal diameter (i.d.) ¼ 16 mm] was
used as the test channel. Air and water at room temperature
were used as test fluids. The water was fed from a reservoir to
an airewatermixer by a pump. In themixer, the pipe wall had
12 holes of 2-mm i.d. drilled to introduce the water as a liquid
film from the periphery of the pipe to the air stream supplied
by a compressor. The airewater mixture so made flowed up-
ward through a 2.2-m entry section, a 0.3-m test section, and a
0.5-m discharge section, before flowing into an airewater
separator. The separated water was returned to the reservoir,
while the air was released into the atmosphere. The volume
flow rate of air was measured using an ultrasonic flowmeter
with an accuracy of ±5%, whereas that of the water was
measured using an electromagnetic flowmeter with an accu-
racy of ±2%. One of the test spacers was inserted in the test
section, and liquid film thickness, liquid droplet entrainment,
and deposition were measured upstream and downstream of
the spacer.
Fig. 2A and B show the two kinds of gird spacer tested.
Fig. 2A is the grid spacer without an MV. Two plates made of
polyethylene terephthalate were orthogonally connected to
each other as shown in the photo to the right in Fig. 2A. The
thickness of the plate is 0.5 mm. Fig. 2B is the grid spacer with
MVs. Four vanes were attached to the end of the grid spacer.
The vanes were inclined separately at a 60-degree angle to
create swirling flow in the gas core for annular flow.2.2. Measurement of liquid film thickness
In the test section, the liquid film thickness was measured
using the constant current method developed by Fukano [4].
Fig. 3 shows the locations of electric probes for measuring the
liquid film thickness. A series of six probes were arranged
upstream and downstream of the test spacer. Each probe was
composed of two brass rings (height of each ring, 2 mm) 3 mm
apart embedded in the inner surface of the test pipe made of
acrylic resin. The output voltage signals from each probe were
substituted to a calibration curve expressing the relationship
between the voltage and the film thickness for converting
them to time-varying liquid film thickness signals. These
signals were then fed to a personal computer through an A/D
converter to compute the time-averaged liquid film thickness.
The liquid film thickness, therefore, was a circumferentially
averaged value over 3 mm in axial length. Details about the
calibration are presented in a previous study [5]. According to
the calibration, the maximum relative uncertainty in the
measurement of the film thickness was 10%.
2.3. Measurements of entrainment and deposition
In gaseliquid annular flow, part of the liquid flows as droplets
in the gas core flow and part as liquid film on the channel
walls. The liquid dropletswould entrain from liquid film to the
gas core, and the liquid droplets re-deposit into the liquid film.
In the present experiments, the liquid droplet entrainment
(A)
(B)
Fig. 2 e Test spacers: (A) without mixing vane; (B) with mixing vane.
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film extraction method. Fig. 4 shows the film extraction units
implemented in the test section shown in Fig. 1. Two film
extraction units were installed downstream of the test spacer.
The distance between the gaseliquid mixer and the spacer
was approximately 130 pipe diameters. According to Ishii and
Mishima's correlation [6], 120 pipe diameters are enough to
achieve fully developed annular flow, in which the entrain-
ment rate might be balanced with the deposition rate.
The entrainment fraction, E, was determined using the
following equation:
E ¼ GL  GLF1
GL
(1)
where GL and GLF1 are the mass fluxes of liquid phase intro-
duced into the gaseliquid mixer and extracted from the first
film extraction unit, respectively. The entrainment measure-
ments ZE (i.e., the distance from the upstream end of the test
spacer to the first extraction unit) are set as 0.075 m, 0.105 m,
and 0.155 m.
The deposition rate of liquid droplets per unit surface area
of the pipe wall, mD, is usually given by
mD ¼ KC (2)where C is the concentration of liquid droplets entrained in
the gas core flow and K is the deposition mass transfer coef-
ficient. K over the deposition length, ZD, shown in Fig. 4 is
determined by the following equation [7]:
K ¼ D
4ZD
GG
rG
ln
GLE1
GLE2
(3)
where rG is the gas density, GG is the mass flux of gas intro-
duced to the mixer, and GLE1 and GLE2 are the droplet mass
fluxes at the first and the second extraction units, respec-
tively. To know the sphere of influence of the test spacer on K,
ZD values are changed to 0.10 m, 0.16 m, and 0.22 m.
The maximum relative uncertainty in measurements of
the entrainment fraction and the mass transfer coefficient
was estimated to be 10% based on the measurement accu-
racies of gas and liquid flow rates and repeatability of the
experiment.2.4. Flow conditions
For the convenience of measurement, the range of gas and
liquid flow rates was different among the measurements of
liquid film thickness, liquid entrainment fraction, and
Fig. 3 e Locations of electric probes for measuring liquid
film thickness. MV, mixing vane.
Fig. 4 e Measurement of liquid droplet entrainment and
deposition with liquid film extraction method. mixing
vane.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 3 8 9e3 9 7392droplets deposition rates. The range of gas volumetric flux
was 40 < jG < 50 m/s, and that of liquid was 0.30 < jL < 0.35 m/s
for the liquid film thickness; 25 < jG < 50 m/s and
0.05 < jL < 0.35 m/s for the liquid entrainment fraction,
respectively; 25 < jG < 35 m/s and 0.05 < jL < 0.10 m/s for the
droplets deposition rate, respectively. According to the
inception criteria for liquid droplet entrainment developed by
Ishii and Grolmes [8], entrainment of liquid film into the gas
core flow could occur under all the present flow rate condi-
tions, as shown in Fig. 5. The ordinate is defined as the
following dimensionless number:
mLjG
s
ﬃﬃﬃﬃﬃ
rG
rL
r
(4)
The abscissa is the liquid film Reynolds number given by
ReLF ¼ rLjLD
mL
(5)
where rL is the liquid density, mL is the liquid viscosity, and s is
the surface tension.
In addition to two-phase flow experiments, a single-phase
airflow experiment was performed to measure the radial
profile of axial velocity in the present channel. The results are
described in Appendix 1.3. Results and discussion
Fig. 6 shows axial variations in liquid film thickness, dLF,
measured for annular flows at jL¼ 0.3m/s. Fig. 6A and B shows
the cases jG ¼ 40 m/s and jG ¼ 50 m/s, respectively. The ab-
scissa is the distance from the upstream end of the spacer, Z.
Data points are labeled depending on “ Data poi,” Data points
are l,” and cer without MVa.” For the no spacer case, the liquid
film thickness, dLF, is almost constant along the channel axial
direction. A horizontal chain line represents the mean value
of dLF for no spacer. For the spacer without MV case, dLF
downstream of the spacer is a little bit thinner than that for
the no spacer case. This is considered to be due to two effects.
The first one is that gas velocity downstream of the spacer
increases due to flow area reduction with insertion of the
spacer, and then the entrainment rate from liquid film to gas
Fig. 5 e Inception criteria for liquid droplet entrainment.
(A)
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liquid film. The second is that the liquid film on the channel
wall tends to flow on the surface of the spacer, and then
droplets generate from liquid film on the spacer surface. For
the spacer with MV case, dLF upstream of the spacer becomes
thicker due to stagnation of the spacer. Furthermore, dLF
downstream of the spacer is thicker than that for the no
spacer as well as for the spacer without MV cases. The in-
crease in dLF downstream of the spacer with MV is due to
promoted deposition of liquid droplets in the gas core into the(A)
(B)
Fig. 6 e Axial variations in liquid film thickness for annular
flow at jL ¼ 0.3 m/s. (A) jG ¼ 40 m/s; (B) jG ¼ 50 m/s.
MV, mixing vane.liquid film on the channel wall by swirl flow created by the
MVs in the gas core. For reference, some photos of annular
flows in the present channel are shown in Appendix 2.
Fig. 7 shows the liquid entrainment fraction, E, data ob-
tained for constant liquid volumetric flux: jL¼ 0.3m/s (Fig. 7A),
jL ¼ 0.1 m/s (Fig. 7B), and jL ¼ 0.05 m/s (Fig. 7C). The abscissa is
the gas volumetric flux, jG. For all cases, E increases with jG
and/or jL. E is the lowest for spacer with MV under the same jL
and jG conditions, because the liquid droplets in the gas core
are easily deposited into the liquid film on the channel wall(B)
(C)
Fig. 7 e Liquid entrainment fraction data: (A) jL ¼ 0.3 m/s;
(B) jL ¼ 0.1 m/s; (C) jL ¼ 0.05 m/s. MV, mixing vane.
and
and
and
Fig. 8 e Comparison of liquid entrainment fraction for the
no spacer case between experiments and calculations by
several correlations.
(A)
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is the highest for spacer without MV. Thus, the grid spacer
tends to increase liquid entrainment in the gas core flow, and
then liquid film thickness downstream of the grid spacer
would become thinner as seen in Fig. 5.
The present data on liquid entrainment fraction for the no
spacer case were compared with the calculations by five cor-
relations developed by Paleev and Filippovich [9], Oliemans
et al. [10], Ishii and Mishima [6], Nakazatomi and Sekoguchi
[11], and Sawant et al. [12]. Fig. 8 shows the results of com-
parison. The results showed that the Paleev and Filippovich
correlation and the Nakazatomi and Sekoguchi correlations
agree with the present data within dE ¼ ±0.05. The Oliemans
et al. correlation also agrees well with the data, except for
lower E data.Fig. 9 e Deposition mass transfer coefficient data for the no
spacer case: comparison of K between present data and
data cited in Okawa and Kataoka [13].Fig. 9 shows the deposition mass transfer coefficient, K,
data obtained for the no spacer case at different deposition
lengths ZD. In addition, the K data cited by Okawa and
Kataoka's study [13], in which they developed a K correlation
using the data obtained for airewater annular in pipes having
5e57-mm i.d., are plotted. The present K data fall within the
range of the data cited by Okawa and Kataoka [13], but lie on a
relatively higher K value region.
Fig. 10 shows dimensionless deposition mass transfer co-
efficient, K*, plotted against dimensionless droplet coefficient,
C*. K* and C* are defined as follows:
K* ¼ K
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rGD
s
r
(6)
C* ¼ C
rG
(7)
The solid and thick dotted lines represent calculationswith
correlations proposed by Govan et al. [7] and Okawa and(B)
Fig. 10 e Dimensionless deposition coefficient data versus
dimensionless droplet concentration: effects of spacers. (A)
Z ¼ 0.175 m (ZD ¼ 0.10 m); (B) Z ¼ 0.295 m (ZD ¼ 0.22 m).
MV, mixing vane.
Fig. 11 e Axial variations in deposition mass transfer
coefficient. MV, mixing vane.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 3 8 9e3 9 7 395Kataoka [13], respectively. Data points are labeled depending
on spacer types and liquid volumetric flux. The thin dashed
line indicates þ100% of value calculated by the Okawa and
Kataoka correlation, which agrees with the data shown in
Fig. 7, within errors of þ100% and 50%. Fig. 7A and B show
the data obtained at Z¼ 0.175m and 0.295m, respectively. The
K* data for the no spacer case lie close to calculations, irre-
spective of Z and jL. The K* values for spacer without MV are
similar to those obtained for no spacer. Thus, the effects of a
grid spacer on K* are negligibly small. By contrast, K* values
are much higher for spacer with MV than for spacer without
MV. These higher values are due to re-deposition of droplets
into the liquid film by swirling gas flows created by MVs
attached on the grid spacer.
Fig. 11 shows axial variations in the deposition mass
transfer coefficient for jL ¼ 0.1 m/s and jG ¼ 30 m/s. The
abscissa is the distance from the upstream end of the test
spacer, Z. The K values for no spacer and spacer without MV
are almost constant over the test length Z. By contrast, the K
value for spacer with MV decreases with increasing Z
because the intensity of swirling gas core flow created by
the MVs weakens with Z. However, the K value is about
three times higher for spacer with MV than without MV
even at Z ¼ 0.3 m.4. Conclusions
The effects of MVs attached on a grid spacer in a circular pipe
of 16-mm i.d. on the characteristics of airewater annular
flows were experimentally investigated. The main findings of
this study are as follows:
 A new database was provided on liquid film thickness,
entrainment flow fraction, and deposition mass transfer
coefficient, whichmight be useful for validation of the CFDcode and give an insight into the development of the
correlations.
 The MVs promoted deposition of liquid droplets from the
gas core flow into the liquid film on the channel walls. The
deposition mass transfer coefficient is three times higher
for the spacer with MV than that without MV even at 0.3-m
downstream from the spacer.
 Liquid film thickness becomes thicker upstream and
downstream of the spacer with MV, compared with the
thickness for the spacer without MV as well as no spacer.
Finally, further studies are needed to know the additional
pressure drop caused by the MV, because deposition perfor-
mances by the MVs must be balanced with the need to mini-
mize the pressure drop.Conflicts of interest
All contributing authors declare no conflicts of interest.
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C concentration of liquid droplets (kg/m3)
D channel inner diameter (m)
E liquid entrainment fraction ()
G mass flux (kg/m2s)
j volumetric flux (m/s)
K deposition mass transfer coefficient (m2)
mD deposition rate (kg/m
2s)
Z axial distance (m)
Greek Letters
dLF liquid film thickness (m)
m dynamic viscosity (Pa,s)
r density (kg/m3)
s surface tension (N/m)
Subscripts
G gas phase
L liquid phase
LF liquid filmAppendix 1
To know the effects of swirling flow in gas core flow in two-
phase annular flow, the local axial velocity for single-phase
airflow in the present pipe was measured with a hot-wire
anemometer. Fig. A1 shows the radial profile of axial veloc-
ity, uG(r), for single-phase airflows with mean velocity of
uG ¼ 100 m/s. Fig. A1-A presents data for no spacer and spacer
without mixing vane (MV), and Fig. A1-B for no spacer and
spacer with MV. The ordinate is the dimensionless air
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 3 8 9e3 9 7396velocity, uG(r)/uG*, where uG * ¼ (tw/rG)0.5 (tw is the wall shear
stress) is the friction velocity, and the abscissa is the dimen-
sionless radial position, r/R, where r is the radial distance from
the center of the pipe and R is the pipe radius. Data points are
labeled depending on the type of spacer and axial distance
from the spacer, Z. For the no spacer case, the velocity profile
presents with a profile identical to fully developed turbulent
flow in a pipe. By contrast, the velocity profiles for both spacer
cases are quite different from the no spacer case. uG(r)/uG*
takes its maximum value at r/R ¼ 0.5 rather than the pipe
center, and its minimum value at the center of the pipe. In
addition, uG(r)/uG* for both spacers approach that for no spacer
with increasing Z. However, the distance at which uG(r)/uG*
approaches the value for no spacer takes much longer for
spacer with MV than that without MV because of the swirling
flow created by the MVs.Fig. A1 e Radial air velocity profile for single-phase airflow
for uG ¼ 100 m/s in the present channel. (A) No spacer and
spacer without mixing vane (MV); (B) no spacer and spacer
with MV.Appendix 2
Fig. A2 shows photos of airewater annular flows for jL¼ 0.1m/
s and jG ¼ 80 m/s in the present circular channels. The image
downstream of the spacer is darker for spacer with mixing
vane (MV; Fig. A2-C) than that without MV (Fig. A2-B) becausethe liquid film thickness for spacer with MV becomes thicker
due to significant re-deposition of liquid droplets from the gas
core into the liquid film as described in Fig. 6.
Fig. A2 e Photo of airewater annular flows in the present
channel: jL ¼ 0.1 m/s, jG ¼ 80 m/s. (A) No spacer; (B) spacer
without mixing vane (MV); (C) spacer with MV.r e f e r e n c e s
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